Kinesin-5, a widely conserved motor protein required for assembly of the bipolar mitotic spindle in eukaryotes, forms homotetramers with two pairs of motor domains positioned at opposite ends of a dumbbell-shaped molecule [1] [2] [3] . It has long been assumed that this configuration of motor domains is the basis of kinesin-5's ability to drive relative sliding of microtubules [2, 4, 5] . Recently, it was suggested that in addition to the N-terminal motor domain, kinesin-5 also has a nonmotor microtubule binding site in its C terminus [6] . However, it is not known how the nonmotor domain contributes to motor activity, or how a kinesin-5 tetramer utilizes a combination of four motor and four nonmotor microtubule binding sites for its microtubule organizing functions. Here we show, in single molecule assays, that kinesin-5 homotetramers require the nonmotor C terminus for crosslinking and relative sliding of two microtubules. Remarkably, this domain enhances kinesin-5's microtubule binding without substantially reducing motor activity. Our results suggest that tetramerization of kinesin-5's low-processivity motor domains is not sufficient for microtubule sliding because the motor domains alone are unlikely to maintain persistent microtubule crosslinks. Rather, kinesin-5 utilizes nonmotor microtubule binding sites to tune its microtubule attachment dynamics, enabling it to efficiently align and sort microtubules during metaphase spindle assembly and function.
Results

Kinesin-5 Contains an Additional Nonmotor Microtubule Binding Site
Full-length kinesin-5 is a homotetrameric, bipolar protein comprised of three domains ( Figure 1A ). The motor domain is at the N terminus, followed by the central stalk required for dimerization of motor pairs (coil 1) and tetramerization of kinesin-5 (coils [2] [3] [4] . At the C terminus, there is an additional 140 amino acid conserved tail domain whose function is unclear. To characterize the function of the nonmotor tail, we generated a fluorescently labeled truncation construct of Xenopus laevis kinesin-5 (named Kin5-Dmotor-GFP) that has the entire conserved kinesin motor domain deleted but includes all of kinesin-5's nonmotor domains, similar to a Drosophila melanogaster kinesin-5 construct shown previously to crosslink microtubules [6, 7] . GFP was fused to the C terminus, a site where it is unlikely to be functionally disruptive based on studies of a tagged full-length construct, Kin5-GFP [8, 9] . Comparison with Kin5-GFP by gel filtration chromatography and single-particle fluorescence intensity analysis indicated that Kin5-Dmotor-GFP is homotetrameric, like the full-length construct (Figures S1A-S1C available online).
We then examined the interaction of single molecules of Kin5-Dmotor-GFP with surface-immobilized microtubules by using TIRF microscopy ( Figure 1B) . Previous studies have shown that full-length kinesin-5 has two modes of motion on microtubules, depending on ionic strength of the assay buffer and microtubule binding state [8, 9] . On single microtubules, plus-end-directed, ATP-dependent directional motion predominates in low-ionic-strength buffers, whereas under more physiological conditions ATP-independent one-dimensional diffusive motion predominates. In physiological ionic strength, kinesin-5's motility switches from diffusive to directional upon crosslinking a pair of microtubules. Based on these results, we mainly used two different buffer conditions throughout this study: one with low salt and one with higher salt that is closer to physiological ionic strength (see Experimental Procedures for details). In the high-salt buffer we did not detect Kin5-Dmotor-GFP on microtubules (data not shown). However, upon reducing the salt concentration, we observed Kin5-Dmotor-GFP binding to bundles of microtubules ( Figure 1C ). Although multiple binding events could be observed on any one bundle, the association times were very short (<1 s) under our imaging conditions. We could only estimate an upper limit of 1 s for the average association time of this construct with microtubules, which is significantly lower than the previously determined value for full-length Kin5-GFP of t avg = 34 s [8] .
Because individual molecules of Kin5-Dmotor-GFP interact briefly with microtubules, we examined whether multiple molecules of this protein could establish more persistent filament interactions ( Figure 1E ). For this experiment, the glass surface of an assay chamber was coated with Kin5-Dmotor-GFP and blocked to prevent nonspecific attachment of microtubules. When microtubules were added, they bound to the Kin5-Dmotor-GFP on the surface and did not release over a range of salt concentrations. Strikingly, while remaining attached to the surface, each microtubule moved back and forth along its long axis (Movie S1 and Movie S2 available online). We used kymography to track the motion of these filaments ( Figures 1F and 1G ) and performed mean squared displacement (MSD) analysis of filament positions ( Figure 1H ). The MSD of the filaments was linearly proportional to the time interval, consistent with one-dimensional diffusion on the surface. Furthermore, the diffusion constant was sensitive to ionic strength, increasing 5-fold from D = 450 6 40 nm 2 /s in low salt to D = 2600 6 200 nm 2 /s in high salt. These values are similar in magnitude to those measured for one-dimensional diffusion of microtubules along a surface coated with MCAK, a member of the kinesin-13 family [10, 11] . These data suggest that a microtubule binding site outside the motor domain, most probably in the kinesin-5 tail, allows kinesin-5 to bind microtubules in a way that tolerates slippage along the filament's axis.
The Kinesin-5 Tail Domain Is Important for Crosslinking Microtubules To examine how a nonmotor microtubule binding site in the C-terminal tail impacts kinesin-5's ability to crosslink and slide microtubules apart, we designed a kinesin-5 construct in which it was deleted. To identify the binding site within the tail, we aligned kinesin-5 sequences from 17 species. Strong conservation in portions of the C-terminal region was found, but no clusters of basic residues, which are common in microtubule binding domains, were identified ( Figure S2) . Surprisingly, the tails of many of the kinesin-5 sequences analyzed, including that of Xenopus laevis, had predicted net-negative charges, which is atypical for microtubule binding proteins [12] . Because we were unable to identify a specific sequence in the kinesin-5 tail that was likely to be responsible for microtubule binding, we deleted the entire tail region. This construct (named Kin5-Dtail-GFP), like Kin5-Dmotor-GFP, had a gel filtration elution volume and single-particle fluorescence intensity distribution very similar to those of Kin5-GFP, indicating that this construct is also homotetrameric (Figures S1A-S1C ).
To examine relative filament sliding, we utilized an in vitro microtubule sliding assay described before [8] (Figure 2A ). Rhodamine-labeled, biotinylated microtubules were immobilized on glass coverslips through biotin-streptavidin linkages, and a reaction mix containing motor protein and additional nonbiotinylated microtubules was added. In high-salt buffer, Kin5-GFP robustly crosslinked microtubules from the solution to surface-immobilized microtubules and drove their relative sliding at 45.6 6 1.4 nm/s (n = 20), as expected ( Figure 2B ; Movie S3) [8] . In the same buffer conditions, we did not observe any microtubule crosslinking or sliding by Kin5-Dtail-GFP over a wide range of protein concentrations (data not shown). Further, we did not observe microtubule bundling in solution by Kin5-Dtail-GFP at concentrations up to 100 nM, a 20-fold excess over concentrations of Kin5-GFP that bundled microtubules (data not shown). Figure S1 and Movie S1 and Movie S2.
It is possible that Kin5-Dtail-GFP cannot align microtubules on its own, but can crosslink preorganized antiparallel filaments. To examine this, we used full-length kinesin-5 that was not tagged with GFP to generate microtubule sliding pairs. Even under these conditions with relatively high concentrations of Kin5-Dtail-GFP, limited Kin5-Dtail-GFP binding was observed along the microtubules ( Figure 2C ; Movie S4).
We next examined the effect of ionic strength on Kin5-Dtail-GFP binding of microtubule pairs. At low ionic strength, Kin5-Dtail-GFP clearly decorated immobilized microtubules, moved toward the plus ends, and accumulated in bright aggregates at the microtubule tips ( Figure 2D , green arrows in kymograph). Additionally, high concentrations of Kin5-Dtail-GFP were capable of microtubule bundling in solution (data not shown). Rare crosslinking and sliding events were observed ( Figure 2D ; Movie S5), but the average sliding velocity was 21.9 6 1.3 nm/s (n = 11), consistent with the motion being driven by kinesin-5 molecules walking on one microtubule, rather than on both simultaneously. This suggests that the aggregates at the microtubule tips may be responsible for the infrequent sliding events observed.
Deletion of the C-terminal tail in Kin5-Dtail-GFP could cause microtubule crosslinking to fail because of reduced microtubule affinity. We compared the microtubule binding affinities of full-length Kin5-GFP, Kin5-Dtail-GFP, and Kin5-Dmotor-GFP by using cosedimentation assays ( Figure 2E ). Full-length kinesin-5 bound tightest, with a Kd of 0.19 6 0.05 mM. Significantly, each of the truncation constructs, Kin5-Dtail-GFP and Kin5-Dmotor-GFP, bound with more than 10-fold weaker affinity (Kd = 2.4 6 0.4 and 2.1 6 0.5 mM, respectively). This indicates that both the motor and tail domains of kinesin-5 contribute to the overall binding of full-length kinesin-5 to microtubules. Together, these results suggest that the C-terminal tail domain is required for kinesin-5's ability to crosslink microtubules and drive their relative sliding.
The Kinesin-5 Tail Domain Promotes Microtubule Association and Processivity
We next examined the effect of the C-terminal tail deletion on the motility of individual Kin5-Dtail-GFP molecules on single microtubules. For this we used a single-molecule TIRF microscopy-based motility assay ( Figure 3A) . The movement of Kin5-Dtail-GFP molecules along surface immobilized microtubules was recorded in various salt conditions and compared to that of Kin5-GFP ( Figures 3B-3G ). The intensities of moving fluorescent spots, reflecting tetrameric motors, were fit by 2D Gaussians and single-particle tracking was used to determine trajectories of the individual motors for mean squared displacement analysis (Figures 3H-3J ). Average microtubule association times were determined by fitting histograms of individual run durations to single exponential functions ( Figures 3K-3M) .
In an elevated ionic strength buffer (PEM70 + 40 mM KCl), Kin5-GFP made long associations with microtubules (average association time = 29 s; Figure 3K ), and the motility was mostly diffusive (v = 0.7 nm/s, D = 4.0 3 10 3 nm 2 /s; Figures 3C and 3H), consistent with previously published results [8] . In contrast, under the same conditions, Kin5-Dtail-GFP was unable to make sustained interactions with microtubules ( Figure 3F ), and MSD analysis was not feasible. In low-salt buffer, both constructs moved processively and directionally along the microtubule ( Figures 3B and 3E) , though the interactions of Kin5-Dtail-GFP with microtubules were generally shorter than those of full-length kinesin-5 (average association times = 29 s for Kin5-GFP and 11 s for Kin5-Dtail-GFP; Figures  3L and 3M) . MSD analysis showed that the average velocity of Kin5-Dtail-GFP was about 1.7-fold greater than that of (E) Microtubule binding curves for Kin5-GFP (red circles), Kin5-Dtail-GFP (blue squares), and Kin5-Dtail-GFP (green diamonds). Microtubule affinity was determined by cosedimentation of the kinesin-5 constructs with microtubules in low-salt buffer with 2 mM ADP. The fraction bound was calculated from the relative fraction remaining in the pellet after cosedimentation, and binding constants were determined by fitting to a hyperbola. Error bars indicate SEM. See also Figure S2 and Movie S3, Movie S4, and Movie S5.
Kin5-GFP (14.1 and 8.5 nm/s, respectively, Figures 3J and 3I) , indicating that the tail domain can modestly attenuate kinesin-5 motility. Kin5-Dtail-GFP also exhibited a slightly higher diffusion constant than Kin5-GFP (D = 2.3 3 10 3 nm 2 /s and D = 1.4 3 10 3 nm 2 /s, respectively) suggesting that diffusive motion can be a property of the kinesin-5 motor and that the presence of the tail can suppress diffusion in low-salt conditions.
The Kinesin-5 Tail Domain Does Not Interfere with Motility To further probe the effect of the C-terminal domain on kinesin-5 motility, we employed a microtubule surface gliding assay to examine Kin5-Dtail-GFP's motor activity (Figure 4A) . Glass coverslips were coated with different kinesin-5 constructs, and the movement of microtubules along the surface was recorded by time-lapse fluorescence microscopy. We compared the motility of Kin5-Dtail-GFP with those of Kin5-GFP and Kin5-dimer-GFP, a dimeric kinesin-5 truncation construct described earlier [8] .
In low-salt buffer, microtubule binding and gliding was observed for all three kinesin-5 constructs (Figures 4B-4D ). The average gliding velocity of the two truncation constructs were similar, with v = 29.2 6 0.4 nm/s for Kin5-Dtail-GFP (n = 84 microtubules from 3 independent experiments) and v = 30.1 6 0.7 nm/s for Kin5-dimer-GFP (n = 85 microtubules from 3 independent experiments). Kin5-GFP, however, had about 1.7-fold lower average velocity ( Figure 4E ), with v = 16.8 6 0.4 nm/s (n = 84 microtubules from 3 independent experiments), consistent with the results of the single-molecule assay.
Because motorless kinesin-5 showed saltdependent interactions with microtubules ( Figures 1F-1H) , we next examined whether the tail deletion affects the salt sensitivity of kinesin-5 motility. In high-salt buffer, the average gliding velocity of Kin5-Dtail-GFP increased slightly, to v = 35.7 6 0.6 nm/s (n = 136 microtubules from 4 independent experiments). Kin5-GFP's velocity, however, increased by more than 2-fold, to v = 34.4 6 0.5 nm/s for Kin5-GFP (n = 114 microtubules from 4 independent experiments), such that the velocities of the two tetrameric kinesin-5 constructs were nearly identical. In the high-salt buffer, microtubules rapidly dissociated from the Kin5-dimer-GFP-coated surface at all protein concentrations tested, consistent with a reduced microtubule binding affinity under these conditions.
Taken together, these results indicate the kinesin-5 nonmotor tail domain enhances microtubule association but has a modest, salt-sensitive effect on motility. In low salt the presence of the tail in Kin5-GFP moderately reduces motor activity, but this impedance disappears as ionic strength is increased.
Discussion
Our findings suggest that tetramerization of the kinesin-5 motor domains alone is not sufficient for microtubule crosslinking. The presence of the C-terminal tail domain is also required to crosslink and slide two microtubules apart. Interestingly, the tail domain increases kinesin-5's microtubule association without substantially resisting motility. Although we favor a simple model wherein the primary function of the tail is to mediate direct interactions with microtubules, it is difficult to rule out the alternative mechanism in which the tail domain may interact with the motor domain to allosterically regulate its microtubule affinity and motor activity. A requirement for nonmotor microtubule binding sites was largely unexpected for kinesin-5, in part because it appeared that two pairs of motor microtubule binding sites would be sufficient for microtubule crosslinking. Instead, our data indicate that kinesin-5 requires a combination of eight microtubule binding sites (four nonmotor and two pairs of low-processivity motor domains), and that kinesin-5 uses these motor and nonmotor domains to tune its microtubule interactions so individual kinesin-5 molecules can efficiently crosslink, align, and slide apart microtubule pairs.
Based on our findings we propose a model for how kinesin-5 homotetramers can walk on each filament it crosslinks ( Figure 4F ). When a kinesin-5 molecule in solution collides with a microtubule, the motor and nonmotor domains mediate an interaction with the filament in which it samples multiple orientations, allowing it to dwell on the filament and explore its length via 1-D diffusion. This prolonged interaction with one filament would increase the likelihood of interacting with a second. Once a second microtubule makes contact at the opposite end of the kinesin-5 tetramer, directional motility is triggered, and the motor pairs at each end of the dumbbell can move toward the microtubule plus ends. Individual directional runs are likely to be short because kinesin-5 motors have low processivity and tend to dissociate from microtubules after walking w67 nm [13, 14] . However, the nonmotor domains would keep kinesin-5 associated with both filaments it crosslinks despite frequent stochastic dissociation of the motor domains. Together, the interactions with microtubules, which involve motor and nonmotor domains, would allow kinesin-5 to efficiently slide microtubules apart without having to form large multiprotein ensembles.
Our model can help explain the two main features of kinesin-5's distribution in the metaphase spindle. Kinesin-5 localizes to the center of the spindle, where antiparallel microtubule overlap is most prevalent. A large fraction of the kinesin-5 in this region is positionally stable despite microtubule flux toward the poles. Kinesin-5 also accumulates at the spindle poles, where microtubule minus ends are clustered and many filaments are parallel [15] . Kinesin-5's walking speed along microtubules is comparable to the rate of microtubule flux, but in the opposite direction. Therefore, when a kinesin-5 molecule uses its two pairs of motor domains to walk along two microtubules, it can maintain an approximately fixed position relative to the spindle, whether the two microtubules are oriented parallel or antiparallel. However, the low-processivity motor domains tend to dissociate frequently from microtubules. According to our model, when this occurs, the nonmotor domains would allow kinesin-5 to maintain the crosslink without encumbering continued sliding driven by other molecules of kinesin-5. When one pair of a kinesin-5 tetramer's motor domains disengages from one microtubule, the motor protein's fixed position would still be maintained by the motility of the second pair along the other filament. When both pairs of motor domains disengage simultaneously and the crosslink is maintained solely by the nonmotor domains, then kinesin-5 would be pulled along by the motion of the microtubules. Between antiparallel microtubules the motion would be balanced in both directions and the kinesin-5 molecule would have little net movement. Between parallel microtubules the motor protein would ride polewards on both, explaining the observed relative enrichment of kinesin-5 on microtubules near the spindle poles.
The eight binding site mechanism also has implications for how kinesin-5 interacts with other mechanical components of the spindle. The low processivity of the motor domains, combined with low-friction microtubule interactions via the nonmotor domains, could enable kinesin-5 to act as a slipclutch, with the ability to disengage its motors but maintain microtubule crosslinks in situations where its motor activity is overwhelmed by the function of other spindle components. Thus kinesin-5 could accommodate filament motion directed by other motor enzymes, such as chromokinesins, faster transport mechanisms driven by dynein, and the formation of specialized microtubule bundles, such as the kinetochore fibers that link chromosomes to the spindle. The proposed mechanism would be distinct from those of other motor proteins that can drive relative microtubule sliding, such as kinesin-1 and the minus-end-directed motor kinesin-14 [16] [17] [18] , each of which has a single pair of motor domains that walks on one filament, and an additional nonmotor microtubule binding site that passively binds a second filament and carries it as cargo. Kinesin-14, whose motor domains are nonprocessive [19] , probably cannot maintain microtubule crosslinks when the motors dissociate. Therefore, kinesin-14 probably requires a large number of molecules to sustain microtubule crosslinking, such that some fraction of the molecules present between two filaments have their motor domains bound. In fact, it has been shown that a 120-fold stoichiometric excess of kinesin-14 is needed to resist the oppositely directed microtubule-sliding activity of kinesin-5 [20] . A single molecule of kinesin-1, whose motors are highly processive, is likely to make sustained microtubule crosslinks, but probably would not be compliant with the functions of other cytoskeletal components as is predicted for kinesin-5.
Because of its essential role in cell division, kinesin-5 has been considered as a potential drug target. Like monastrol, many kinesin-5 inhibitors that have recently entered clinical trials as cancer therapeutic agents inhibit kinesin-5 by stabilizing the ADP-bound state of the motor domain, thus locking the motor in a conformation that has low affinity for microtubules [21] [22] [23] . Inhibition of full-length kinesin-5 by monastrol abolishes directional motility, but not ATP-independent 1-D diffusion on microtubules, suggesting that monastrol stabilizes kinesin-5 in a low-friction microtubule-attached state [9, 24] . Significantly, monastrol treatment of cells blocks spindle pole separation but does not eliminate localization of kinesin-5 to the monopolar spindles [25] . Our findings explain these observations because although monastrol reduces the microtubule affinity of the motor domains, microtubule association can be maintained by the binding sites in the C terminus of the full-length homotetramer. The interaction between the kinesin-5 nonmotor domain and microtubules is essential for microtubule-sliding function and is a feature unique to kinesin-5. Therefore, disruption of this interaction may represent a good strategy for designing highly selective anticancer drugs.
Experimental Procedures
Protein Constructs See Supplemental Information for details.
Motility Assays
Photobleaching and motility assays were performed on an inverted microscope (Axiovert; Carl Zeiss) as described previously [8, 9, 26] , with some modifications. See Supplemental Information for details. Two different buffers were used for most motility experiments. The low-salt buffer was PEM70 (70 mM Pipes, 1 mM EGTA, 1 mM MgCl 2 [pH 6.8 with KOH]). The high-salt buffer was PEM70 with 80 mM KCl added.
Microtubule Sliding
For the microtubule relative sliding experiments, X-rhodamine-labeled, biotinylated microtubules were immobilized on a glass surface with a ''biotin sandwich.'' See Supplemental Information for details.
Cosedimentation
Microtubule binding assays were performed essentially described [26] in PEM70 in the presence of 2 mM MgADP.
MSD Analysis
Motility data were analyzed with customized software written in MATLAB (Mathworks). Moving fluorescence spots were detected as in [27] and their trajectories were recovered by single-particle tracking [28] along microtubules imaged in advance. Velocity and diffusion constant were determined from MSD analysis and fitting as in [8] . Nonlinear least square fitting was applied on original MSD data with the relation MSD = v 2 t 2 +2Dt+offset. Error bars in figures indicate SEM. See Supplemental Information for details.
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